In this study, the performances of various adsorbents-red mud, zeolite, limestone, and oyster shell-were investigated for the adsorption of multi-metal ions (Cr , and Pb
Introduction
Sediments contaminated by heavy metals cause a worldwide environmental pollution problem. Heavy metals accumulated in sediments have adverse effects on benthic organisms. The metals also elute into seawater and affect the marine ecosystem, the health of residents and tourists in coastal regions, and the safety of fish products obtained from the shore [1] . Therefore, several techniques have been studied and developed to remediate heavy-metal-contaminated marine sediments [2] .
As ocean disposal of contaminated sediment is not acceptable, the options for remediation are in situ capping, in situ treatment, removal and containment, and removal and treatment. From an economic perspective, treatment for reducing the contamination (e.g., extraction, ion exchange, etc.) is not a favorable option. In situ capping and containment in sub-aqueous pits are considered as the more economical alternatives [3] . These methods essentially require capping materials that should be able to isolate and/or stabilize the contaminants from the benthic environment, prevent contaminated sediment resuspension, and reduce the contaminant flux to the benthic water. They should also be cheap and easily obtainable. Sand, gravel, and stone armor have conventionally been used as capping materials, but they can only provide physical isolation and the prevention of resuspension. Therefore, reactive capping materials have recently been spotlighted as an alternative serving not only to physically isolate and prevent resuspension, but also to stabilize and reduce the flux of the dissolved contaminants.
Previous studies have shown that the capping of clean sediment amendments and in situ chemical immobilization reduce the mobility and bioavailability of heavy metals through either adsorption or precipitation [4, 5] . It has also been reported that some materials, such as lime and zeolites, are useful for chemical immobilization of heavy metals in degraded soils [6, 7] .
In this work, red mud, natural zeolite, natural limestone, and crushed oyster shell were examined as capping materials. Red mud is a solid waste residue formed after the caustic digestion of bauxite ores during the production of alumina. Woo-Seok Shin, Ku Kang, Young-Kee Kim analyzer (Quantachrome Instruments, Boynton Beach, FL, USA). Four data points were used to construct the plot to derive the monolayer adsorption capacity with relative pressures between 0.05 and 0.3. The observations were interpreted following the Brunauer-Emmett-Teller (BET) method. The surface area was determined for adsorbents using the BET surface area analyzer. The functional groups of adsorbents were analyzed by Fourier transform infrared (FTIR) spectroscopy (VERTEX 70; Bruker, Ettlingen, Germany). The surface morphologies of the adsorbents were also observed by scanning electron microscopy (SEM; S-3500N; Hitachi Co., Tokyo, Japan). 2 , and Zn(NO 3 ) 2 ·6H 2 O in deionized water, respectively. All chemicals used were reagent grade and were obtained from Junsei Chemical Co., Ltd. (Tokyo, Japan) and Samchun Chemical Company (Pyongtaek, Korea). The experiment was performed in a 50-mL flask with continuous stirring of 100 rpm at a temperature of 25°C ± 0.5°C. The adsorbents (0.5 g) were added to 30 mL of the mixed metal aqueous solution containing 50 mg/L of each metal ion. Before the experiment, the initial pH of aqueous solutions was adjusted to pH 7 by adding 1 M HNO 3 and 1 M NaOH solutions. To investigate the effect of contact time, experiments were separately conducted for 10, 30, 60, 120, 180, 360, and 720 min.
Batch Adsorption Experiments
The effect of seawater salts on the removal of metal ions was investigated. The seawater used for preparing the sample solution was collected from the Daecheon beach in Korea and filtered with a quantitative filter paper (pore size 3 μm, No. 6; Advantec MFS Inc., Dublin, CA, USA) to remove inert particles. The adsorbents (0.5 g) were put into a 50-mL plastic tube with 30 mL seawater containing multi-heavy metal at each metal concentration of 50 mg/L, and the sample tube was agitated at a constant temperature of 25°C ± 0.5°C for 360 min. A sample with the same concentration prepared with deionized water was used as a control.
The supernatants of all samples were filtered with PTFE syringe filters (pore size 0.45 μm; Puradisc 25; Whatman, Maidstone, Kent, UK) and the filtrates were analyzed by inductively coupled plasma mass spectrometry to measure the heavy metal concentrations. The filtrates were acidified with 2% HNO 3 to decrease the pH value below 3 to prevent precipitation before the measurement.
Data Analysis
The adsorption efficiency of heavy metal was calculated by the following equation: of alumina produced, approximately one to two tonnes (dry weight) of bauxite residues are generated. Red mud, which is a cheap industrial by-product, is principally composed of oxides (e.g., silica, aluminum, iron, calcium, and titanium oxides) and hydroxides responsible for its good surface reactivity [8] [9] [10] . This adsorbent could be used to precipitate soluble metals in their insoluble hydroxide form in an alkaline environment [11] . Meanwhile, other researchers have previously reported the heavy metal removal characteristics of wastewater, mine drainage, and soil environments using red mud, zeolite, limestone, and oyster shell [12] [13] [14] [15] . Moreover, these studies produced removal results of contamination with a single (or several) heavy metal(s) in a land environment system. However, contaminated seawater/or sediment commonly contains multiple heavy metal ions. Moreover, insufficient data exist that investigate the importance of multi-heavy metal adsorption mechanisms for in situ capping in marine contaminated sediments. Hence, it is necessary to research the adsorption characteristics in multi-heavy metal contaminated seawater (or sediment).
In this study, the adsorption characteristics of various adsorbents (red mud, natural zeolite, natural limestone, and oyster shell) were investigated using a solution spiked with multiple heavy metals (Pb ). This work contributes to the understanding of the principal metal ionsorbent interaction mechanisms and establishing of capping materials for the remediation of heavy metals in contaminated sediments.
Materials and Methods

Materials
The red mud (KC Co., Ltd., Yeongam, Korea), zeolite (Zeo-Soil; Rex Material Co. Ltd., Pohang, Korea), limestone, and oyster shell used for the experiments were of commercially available grade and provided by a domestic supplier. The original adsorbents were washed with distilled water and dried in an oven at 105°C ± 5°C for 24 hr, after which they were ground in a mortar and passed through woven wire meshed sieves (no. 35, followed by no. 10) to obtain adsorbents with diameters of 1.0-2.0 mm (except red mud, which particles were of size ≤0.25 mm). Chemical compositions of the particulate adsorbents were characterized by X-ray fluorescence (XRF) spectrometry (XRF-1700; Shimadzu Co., Kyoto, Japan). The XRF results revealed that red mud and natural zeolite were mainly composed of metal oxides, such as SiO 2 , Al 2 O 3 , and Fe 2 O 3 . Meanwhile, chemical analysis results for limestone and oyster shell showed that these were mainly composed of CaO (94.9% and 90.9%, respectively) and small amounts of other components ( Table 1 ). The surface areas were measured with the nitrogen adsorption method at the liquid nitrogen temperature (i.e., -196°C) using an Autosorb-iQ-Kr/MP surface area 1), the main chemical components of red mud were silica, alumina, and iron oxide; and its surface area is larger than those of limestone and oyster shell. This makes the red mud suitable for adsorbent [18] . The FTIR spectra of adsorbents, after heavy metal adsorption in the range of 500-4,000 cm -1 , are shown in Fig. 2 . In the spectra of the red mud and zeolite, a band was present in the hydroxyl stretching region at 3,400-3,300 cm -1 in Fig. 2 (a) and (b). This was likely due to the presence of H 2 O in the red mud and zeolite [19, 20] . Besides, in the red mud and zeolite samples, a band was detected at 1,640 cm -1 . This was attributed to the water molecules occluded inside the alumino-silicate structure [20] . The band at 990-1,050 cm -1 , present in the red mud and zeolite samples, could be assigned to the stretching vibrations of Si(Al)-O. This band is sensitive to the content of structural Si and Al [5] . On the other hand, the intensities of the C-O bands of oyster shell and limestone between 1,400 and 500 cm -1 were the strongest [21] . We observed C-O stretching vibrations at 1,440-1,450 cm -1 and out-of-plane C-O bending vibrations at 870-880 cm -1 . Fig. 3 shows the pH change of the solution through the adsorption experiments by adding red mud, zeolite, limestone, and oyster shell for 720 min. The pH of the aqueous solution increased rapidly within 25 min when red mud was used, while the pH of the solution increased slightly from 7.00 to 7.16, 7.21, and 7.31 when zeolite, limestone, and oyster shell were applied, respectively in Fig. 3(a) . During the alumina refining processes, a lot of base is added to the bauxite. Therefore, the red mud residues are strongly alkaline despite the washing during the process, and the pH of red mud has been reported to vary from 10 to 13 [22] . This is why red mud increased the pH of solution in our experiments. The OH -ions not only cause an increase in the pH of the solution, but they also react with the metal ions to form precipitates [23] . Meanwhile, zeolite, limestone, and oyster shell cause small increases of pH compared to red mud, because these adsorbents are mainly composed of SiO 2 or CaO [24, 25] . On the other hand, the pH changes of the seawater solution from
pH change of Solution by Adsorbents
where C 0 and C are the initial and final concentrations of a heavy metal (mg/L) in the sample solution, respectively. To define the adsorption kinetics of heavy metal ions, the kinetic parameters were determined for contact times varying from 10 to 720 min. A pseudo-first-order equation, Eq. (2), and pseudo-second-order equation, Eq. (3), were used to fit the experimental data [16, 17] :
where q t and q e are the masses of adsorbed heavy metal per mass of adsorbent (mg/g) at a time t (min) and at equilibrium, respectively, and k 1 (min
) and k 2 (g mg -1 min
) are the rate constants of the pseudo-first-order and pseudo-second-order equations, respectively.
Results and Discussion
Characteristics of Adsorbents
SEM analyses were conducted to observe any changes in the surface structure of adsorbents before and after the sorption experiments. Analyses of the SEM images of the adsorbents after the metal ion experiments have shown that some metal ions were adsorbed onto the surface of the media. This result indicates the presence of an adsorption process (Fig. 1) . These findings also show that the adsorption of metal ions onto the surfaces of adsorbents is likely due to the ion exchange/complexation reaction. Moreover, according to the result of XRF analysis (Table of some heavy metals, such as Ni, Zn, As, and Cd, in seawater solution (around pH 8) is higher than those in fresh water solution (around pH 7). However, the removal efficiencies of red mud in fresh water (around pH 11) and seawater (around pH 9) experiments were not significantly different, and the removal efficiency of red mud in seawater experiment (around pH 9) is much higher than those of other adsorbents in freshwater experiments (around pH 8). The high heavy metals adsorption capability of red mud can be explained by these results and by previous studies by other researchers [26, 27] . , and Zn 2+ show that the adsorption rapidly reached equilibrium within 60 min; while the adsorption of As 3+ ions was relatively slow in all experiments and it did not reach equilibrium within 720 min in the cases of zeolite and limestone. The kinetics parameters were calculated from eight data (means of at least three replicates) in each experiment and are summarized in Table 2 , and As 3+ ions. In the cases of zeolite, limestone, and oyster shell, the pseudo-first-order model could fit the data well for all metal ions. The pseudo-first-order equation showed good approximation to fit the experimental data (except for the Cr 3+ , Zn
Adsorption Kinetics
2+
, and As 3+ of red mud). The experimental q e values were in agreement with the calculated values. Panayotova and Velikov [28, 29] investigated the removal kinetics of heavy metal ions (cadmium, lead, copper, nickel, and zinc) by natural zeolite and reported that the first-order kinetics showed good fitting to the data.
The calculated metal adsorption concentrations at equilibrium, listed in order of decreasing magnitude, are: Ni
, adding adsorbents were low compared to that of the fresh water solution in Fig. 3(b) . This effect is due to the buffer ions in seawater impeding the increase of pH. From these results, the removal mechanisms of heavy metal ions by red mud might be not only surface adsorption and ion exchange, but also surface precipitation. It was also supported that the removal efficiency Values were determined by pseudo-second-order kinetic model.
Comparison of Adsorption Efficiencies in Fresh Water and Seawater
Adsorption efficiencies of metal ions in fresh water and seawater were compared and the results are shown in Fig. 5 . The adsorption efficiency of metal ions (except for Cr 3+ ) on red mud was the highest compared with those of other adsorbents, regardless of the type of water. Moreover, the adsorption efficiency of metal ions was higher in fresh water than seawater (except for As 3+ ). According to Hatje et al. [36] , both the rate and extent of adsorption were reduced in seawater compared to freshwater. The reason is probably the competition between metals and major seawater cations (particularly Ca 2+ and Mg
2+
) for active sites on the particles and for chlorocomplexation [36] . At pH higher than 7, however, the results on zeolite, limestone, and oyster shell show that the adsorption efficiencies of several metals (e.g., Ni ) in seawater are higher than in fresh water. In particular, the effect of the increased ionic strength in seawater was more important for Ni 2+ and Zn 2+ than for the other metal ions. It has been suggested that double-charged surface species are responsible for promoting sorption at high ionic strength; when surface coverage is decreased, the electrostatic repulsion decreases and the promotive ionic effect disappears [37] . Hence, it can be concluded that the occurrence of promotive ionic strength effects may depend on the experimental conditions chosen. The mobility of metal ions in between seawater and fresh water depends on several factors including pH and ion composition [37] . Therefore, the adsorption behaviors of the examined metals varied according to pH conditions. These results have important implications on the comportment of trace metals in marine contaminated sediment. In particular, the adsorbents of red mud could be successfully used to adsorb heavy metals from marine contaminated sediments. -in the aqueous phase, in the pH range of 7.0-11.0 [30] . As the pH increases, the amount of negative arsenic species increases, while the positively charged surface sites decrease, up to the pH zpc [31] . The experimental values (q e,exp ) of the mass of adsorbed metal ions per mass of adsorbent at equilibrium are in agreement with the calculated values as listed in Table 2 . This supports that the rate-limiting step of the adsorption system is not the mass transfer in the solution, but the chemical and/or physical adsorption [32, 33] . The reaction rate constants (k 1 ) for zeolite, limestone, and oyster shell are low (0.0019-6.9821 min ) with the exception of As 3+ and Cd 2+ than the other adsorbents. For instance, the surface areas of zeolite, red mud, oyster shell, and limestone have been reported as 60.0, 26.0, 0.6, and 0.08 m 2 /g, respectively (Table 1) . These surface area results are in agreement with the results obtained by other studies [11, 13, 34, 35] . It is proposed that physical adsorption plays little role in the interaction between the adsorbent and the heavy metal ions, because the adsorbents used for the experiments have small surface areas. 
Conclusions
In this study, the adsorption characteristics of heavy metals on red mud, zeolite, limestone, and oyster shell were investigated. Results showed that the removal of heavy metal ions by the adsorbents was dependent on the system employed (e.g., adsorbent dose, temperature, and contact time) and was mainly dependent on the initial pH of the solution. The adsorption kinetics of all metal ions on zeolite (except for Cr ions. In the kinetic model, the adsorptions of Pb 2+ and Cu 2+ were higher than for the other heavy metal ions. The adsorption efficiencies of heavy metals in seawater did not decrease significantly in comparison with those in fresh water. In conclusion, red mud is a high-performance alternative compared to commercial zeolites, limestone, and oyster shell for the removal of heavy metal contaminants. Therefore, red mud can be considered as a capping-material alternative to remediate multi-heavy metal contaminated marine sediment.
